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(54) Immersion lithographic apparatus and device manufacturing method 



(57) In a lithographic projection apparatus a seal 
member (12) surrounds a space between the final ele- 
ment of a projection system and a substrate table of the 



lithographic projection apparatus. A gas seal (16) is 
formed between said seal member and the surface of 
said substrate to contain liquid (11) in the space. 
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Description 

[0001] The present invention relates to a lithographic 
projection apparatus comprising: 

a radiation system for supplying a projection beam 
of radiation; 

a support structure for supporting patterning 
means, the patterning means serving to pattern the 
projection beam according to a desired pattern; 
a substrate table for holding a substrate; 
a projection system for projecting the patterned 
beam onto a target portion of the substrate; and 
a liquid supply system for at least partly filling a 
space between the final element of said projection 
system and said substrate with a liquid. 

[0002] The term "patterning means" as here em- 
ployed should be broadly interpreted as referring to 
means that can be used to endow an incoming radiation 
beam with a patterned cross-section, corresponding to 
a pattern that is to be created in a target portion of the 
substrate; the term "light valve" can also be used in this 
context. Generally, the said pattern will correspond to a 
particular functional layer in a device being created in 
the target portion, such as an integrated circuit or other 
device (see below). Examples of such patterning means 
include: 

A mask. The concept of a mask is well known In 
lithography, and it includes mask types such as bi- 
nary, alternating phase-shift, and attenuated 
phase-shift, as well as various hybrid mask types. 
Placement of such a mask in the radiation beam 
causes selective transmission (in the case of a 
transmissive mask) or reflection (in the case of a 
reflective mask) of the radiation impinging on the 
mask, according to the pattern on the mask. In the 
case of a mask, the support structure will generally 
be a mask table, which ensures that the mask can 
be held at a desired position in the incoming radia- 
tion beam, and that it can be moved relative to the 
beam if so desired. 

A programmable mirror array. One example of such 
a device is a matrix-addressable surface having a 
viscoelastic control layer and a reflective surface. 
The basic principle behind such an apparatus is that 
(for example) addressed areas of the reflective sur- 
face reflect incident light as diffracted light, whereas 
unaddressed areas reflect incident light as undif- 
f racted light. Using an appropriate filter, the said un- 
diffracted light can be filtered out of the reflected 
beam, leaving only the diffracted light behind; in this 
manner, the beam becomes patterned according to 
the addressing pattern of the matrix-addressable 
surface. An alternative embodiment of a program- 
mable mirror array employs a matrix arrangement 
of tiny mirrors, each of which can be individually tilt- 



2 

ed about an axis by applying a suitable localized 
electric field, or by employing piezoelectric actua- 
tion means. Once again, the mirrors are matrix-ad- 
dressable, such that addressed mirrors will reflect 

5 an incoming radiation beam in a different direction 
to unaddressed mirrors; in this manner, the reflect- 
ed beam is patterned according to the addressing 
pattern of the matrix-addressable mirrors. The re- 
quired matrix addressing can be performed using 

10 suitable electronic means. In both of the situations 
described hereabove, the patterning means can 
comprise one or more programmable mirror arrays. 
More information on mirror arrays as here referred 
to can be gleaned, for example, from United States 

15 Patents US 5,296,891 and US 5,523,1 93, and PCT 
patent applications WO 98/38597 and WO 
98/33096, which are incorporated herein by refer- 
ence. In the case of a programmable mirror array, 
the said support structure may be embodied as a 

20 frame or table, for example, which may be fixed or 
movable as required. 

A programmable LCD array. An example of such a 
construction is given in United States Patent US 
5,229,872, which is incorporated herein by refer- 
25 ence. As above, the support structure in this case 
may be embodied as a frame or table, for example, 
which may be fixed or movable as required. 

For purposes of simplicity, the rest of this text may, at 

30 certain locations, specifically direct itself to examples in- 
volving a mask and mask table; however, the general 
principles discussed in such instances should be seen 
in the broader context of the patterning means as here- 
above set forth. 

35 [0003] Lithographic projection apparatus can be 
used, for example, in the manufacture of integrated cir- 
cuits (ICs). In such a case, the patterning means may 
generate a circuit pattern corresponding to an individual 
layer of the IC, and this pattern can be imaged onto a 

40 target portion (e.g. comprising one or more dies) on a 
substrate (e.g. silicon wafer) that has been coated with 
a layer of radiation-sensitive material (resist). In gener- 
al, a single wafer will contain a whole network of adja- 
cent target portions that are successively irradiated via 

45 the projection system, one at a time. In current appara- 
tus, employing patterning by a mask on a mask table, a 
distinction can be made between two different types of 
machine. In one type of lithographic projection appara- 
tus, each target portion is irradiated by exposing the en- 

50 tire mask pattern onto the target portion in one go; such 
an apparatus is commonly referred to as a wafer step- 
per. In an alternative apparatus -commonly referred to 
as a step-and-scan apparatus - each target portion is 
irradiated by progressively scanning the mask pattern 

55 underthe projection beam in a given reference direction 
(the "scanning" direction) while synchronously scanning 
the substrate table parallel or anti-paralle! to this direc- 
tion; since, in general, the projection system will have a 
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magnification factor M (generally < 1), the speed V at 
which the substrate table is scanned will be a factor M 
times that at which the mask table is scanned. More in- 
formation with regard to lithographic devices as here de- 
scribed can be gleaned, for example, from US 
6,046,792, incorporated herein by reference. 
[0004] In a manufacturing process using a lithograph- 
ic projection apparatus, a pattern (e.g. in a mask) is im- 
aged onto a substrate that is at least partially covered 
by a layer of radiation-sensitive material (resist). Prior 
to this imaging step, the substrate may undergo various 
procedures, such as priming, resist coating and a soft 
bake. After exposure, the substrate may be subjected 
to other procedures, such as a post-exposure bake 
(PEB), development, a hard bake and measurement/in- 
spection of the imaged features. This array of proce- 
dures is used as a basis to pattern an individual layer of 
a device, e.g. an IC. Such a patterned layer may then 
undergo various processes such as etching, ion-implan- 
tation (doping), metallization, oxidation, chemo-me- 
chanical polishing, etc., all intended to finish off an indi- 
vidual layer. If several layers are required, then the 
whole procedure, or a variant thereof, will have to be 
repeated for each new layer. Eventually, an array of de- 
vices will be present on the substrate (wafer). These de- 
vices are then separated from one another by a tech- 
nique such as dicing or sawing, whence the individual 
devices can be mounted on a carrier, connected to pins, 
etc. Further information regarding such processes can 
be obtained, for example, from the book "Microchip Fab- 
rication: A Practical Guide to Semiconductor Process- 
ing", Third Edition, by Peter van Zant, McGraw Hill Pub- 
lishing Co., 1997, ISBN 0-07-067250-4, incorporated 
herein by reference, 

[0005] For the sake of simplicity, the projection sys- 
tem may hereinafter be referred to as the "lens"; how- 
ever, this term should be broadly interpreted as encom- 
passing various types of projection system, including re- 
fractive optics, reflective optics, and catadioptric sys- 
tems, for example. The radiation system may also in- 
clude components operating according to any of these 
design types for directing, shaping or controlling the pro- 
jection beam of radiation, and such components may 
also be referred to below, collectively or singularly, as a 
"lens". Further, the lithographic apparatus may be of a 
type having two or more substrate tables (and/or two or 
more mask tables). In such "multiple stage" devices the 
additional tables may be used in parallel, or preparatory 
steps may be carried out on one or more tables while 
one or more other tables are being used for exposures. 
Dual stage lithographic apparatus are described, for ex- 
ample, in US 5,969,441 and WO 98/40791, incorporat- 
ed herein by reference. 

[0006] It has been proposed to immerse the substrate 
in a lithographic projection apparatus in a liquid having 
a relatively high refractive index, e.g. water, so as to fill 
a space between the final element of the projection sys- 
tem and the substrate. The point of this is to enable im- 



aging of smaller features since the exposure radiation 
will have a shorter wavelength in the liquid. (The effect 
of the liquid may also be regarded as increasing the ef- 
fective NA of the system.) 
5 [0007] However, submersing the substrate table in liq- 
uid means that there is a large body of liquid that must 
be accelerated during a scanning exposure. This re- 
quires additional or more powerful motors and turbu- 
lence in the liquid may lead to undesirable and unpre- 
10 dictable effects. 

[0008] There are several difficulties associated with 
having liquids in a lithographic projection apparatus. For 
example, escaping liquid can cause a problem by inter- 
fering with interferometers and, if the lithographic pro- 
's jection apparatus requires the beam to be held in a vac- 
uum, by destroying the vacuum. Furthermore, the liquid 
can be used up at a high rate unless suitable precau- 
tions are taken. 

[0009] Further problems associated with immersion li- 
20 thography include the difficulty in keeping the depth of 
the liquid constant and transfer of substrates to and from 
the imaging position i.e. under the final projection sys- 
tem element. Also, contamination of the liquid (by chem- 
icals dissolving in it) and increase in temperature of the 
25 liquid deleteriously affect the imaging quality achieva- 
ble. 

[001 0] I n the event of a computer f ail u re o r power fail- 
ure or loss of control of the apparatus for any reason, 
steps need to be taken to protect, in particular, the op- 

30 tical elements of the projection system. It may be nec- 
essary to take steps to avoid spillage of the liquid over 
other components of the apparatus. 
[0011] If a liquid supply system is used in which the 
liquid has a free surface, steps need to be taken to avoid 

35 the development of waves in that free surface due to 
forces applied to the liquid supply system. Waves can 
transfer vibrations to the projection system from the 
moving substrate. 

[001 2] WO 99/49504 discloses a lithographic appara- 
40 tus in which a liquid is supplied to the space between 
the projection lens and the wafer. As the wafer is 
scanned beneath the lens in a -X direction, liquid is sup- 
plied at the +X side of the lens and taken up at the -X 
side. 

45 [0013] It is an object of the present invention to pro- 
vide a lithographic projection apparatus in which a 
space between the substrate and projection system is 
filled with a liquid whilst minimizing the volume of liquid 
that must be accelerated during stage movements. 

so [001 4] This and other objects are achieved according 
to the invention in a lithographic apparatus as specified 
in the opening paragraph, characterized in that said liq- 
uid supply system comprises: 

55 . a seal member extending along at least a part of the 
boundary of said space between the final element 
of said projection system and said substrate table; 
and 
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a gas seal means for forming a gas seal between 
said seal member and the surface of said substrate. 

[0015] The gas seal means thus forms a non-contact 
seal between the seal member and the substrate so that 
the liquid is contained in the space between the final 
element of the projection system and the substrate, 
even as the substrate moves under the projection sys- 
tem, e.g. during a scanning exposure. 
[0016] The seal member may be provided in the form 
of a closed loop, whether circular, rectangular, or other 
shape, around the space or may be incomplete, e.g. 
forming a U-shape or even just extending along one side 
of the space. If the seal member is incomplete, it should 
be positioned to confine the liquid as the substrate is 
scanned under the projection system. 
[0017] Preferably, the gas seal means is a gas bear- 
ing for supporting said seal member. This has the ad- 
vantage that the same part of the liquid supply system 
can be used both for bearing and for sealing the liquid 
in a space between the final element of the projection 
system and the substrate, thereby reducing the com- 
plexity and weight of the seal member. Also, previous 
experience gained in the use of gas bearings in vacuum 
environments can be called on. 
[0018] Preferably, the gas seal means comprises a 
gas inlet and a first gas outlet formed in a face of said 
seal member that opposes said substrate, means for 
supplying gas under pressure to said gas inlet and vac- 
uum means for extracting gas from said first gas outlet. 
More preferably, the gas inlet is located further outward 
from the optical axis of said projection system than said 
first gas outlet. In this way, the gas flow in the gas seal 
is inward and most efficiently contains the liquid. In this 
case, the gas seal means advantageously further com- 
prises a second gas outlet formed in the face of the seal 
member which opposes the substrate, the first and sec- 
ond gas outlets being formed on opposite sides of the 
gas inlet. The second gas outlet ensures minimal es- 
cape of gas from the gas inlet into the environment sur- 
rounding the seal member. Thus, the risk of gas escap- 
ing and interfering with the interferometers or degrading 
a vacuum in the lithographic apparatus, is minimized. 
[0019] The liquid supply system may also comprise 
sensors for measuring the distance between the face of 
the seal member and the substrate and/or the topogra- 
phy of the top surface of the substrate, in this way, con- 
trol means can be used to vary the distance between 
the face of the seal member and the substrate by con- 
trolling, for example, the gas seal means either in a feed- 
forward or a feed-back manner. 
[0020] The apparatus may further comprise means 
for varying the level of a portion of said face of said seal 
member between the first gas outlet and an edge of the 
face nearest the optical axis relative to the remainder of 
the face. This allows the pressure containing the liquid 
in the space, to be controlled independently of the pres- 
sure below the inlet so that the height of the seal mem- 



ber over the substrate can be adjusted without upsetting 
the balance of forces holding the liquid in the space. An 
alternative way of ensuring this is to use a means for 
varying the level of a portion of the face between the first 
5 or second gas outlets and the gas inlet relative to the 
remainder of the face. Those three systems may be 
used in any combination. 

[0021] An alternative way of separating a sealing 
function and bearing function of the gas seal means is 

10 to provide a channel formed in the face of the seal mem- 
ber located nearer to the optical axis of the projection 
system than the first gas outlet. The pressure in that 
channel can be varied to contain the liquid in the space 
whereas the gas in and out-lets may be used to vary the 

'5 height of the seal member above the substrate so that 
they only operate to support the seal member and have 
little, if any, sealing function. 

[0022] A further advantageous feature is for a porous 
member to be disposed over the gas inlet for evenly dis- 

20 tributing gas flow over the area of the gas inlet. 

[0023] It is convenient to form the gas in and out-lets 
so that each comprises a groove in said face of said seal 
member opposing said substrate and a plurality of con- 
duits leading into said groove at spaced locations. 

25 [0024] It is also preferred that the gap between said 
seal member and the surface of said substrate inwardly 
of said gas seal means is small so that capillary action 
draws liquid into the gap and/or gas from the gas seal 
means is prevented from entering the space. The bal- 

30 ance between the capillary forces drawing liquid under 
the seal member and the gas flow pushing it out forms 
a particularly stable seal. 

[0025] It is a further object of the present invention to 
provide a lithographic projection apparatus in which a 
35 space between the substrate and the projection system 
is filled with a liquid whilst minimizing the transmission 
of disturbance forces between the substrate and projec- 
tion system. 

[0026] This and other objects are achieved according 
40 to the invention in a lithographic apparatus as specified 
in the opening paragraph, characterized in that said 
space is in liquid connection with a liquid reservoir 
through a duct and the minimum cross sectional area of 
said duct in a plane perpendicular to the direction of fluid 
45 flow is at least 



so 



( 8AVn,L V* 



55 



where AV is the volume of liquid which has to be 
removed from said space within time t min , L is the length 
of the duct, T) is viscosity of liquid in said space and 
AP mgx is the maximum allowable pressure on said final 
element. 

[0027] This apparatus has the advantage that the liq- 
uid can be completely constrained such that it does not 
have a large free surface for the development of waves 
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i.e. the space or reservoir is enclosed at the top and the 
reservoir is full of liquid. This is because the amount of 
flu id which can flow through the duct in a given time (time 
of crash measured experimentally) is large enough to 
avoid damage to the final element of the projection sys- 
tem when the apparatus crashes because the liquid can 
escape through the duct before pressure in the space 
build up to levels at which damage can occur. The liquid 
must escape when the seal member moves relative to 
the final element otherwise the hydrostatic pressure ap- 
plied to the final element during relative movement of 
the final element to the seal member can damage the 
final element. 

[0028] In another aspect of the invention, there is pro- 
vided a lithographic apparatus as specified in the open- 
ing paragraph, characterized in that the liquid supply 
system further comprises, on a top surface of liquid in 
said liquid supply system, a suppression means for sup- 
pressing development of waves and including pressure 
release means. 

[0029] In this way, the development of waves can be 
suppressed by contact of the suppression means with 
a top surface of the liquid. However the liquid still can 
escape from the space in the event of a crash to avoid 
damaging the final element. 

[0030] One way of providing the suppression means 
is through a flexible membrane or alternatively placing 
a high viscosity liquid which is immiscible with the liquid 
in the space on the top surface of the liquid in the space. 
In each of these cases the pressure releasefunctlonality 
is provided by the flexibility of the suppression means. 
[0031] Another aspect of the invention provides a de- 
vice manufacturing method comprising the steps of: 

providing a substrate that is at least partially cov- 
ered by a layer of radiation sensitive material; 
providing a projection beam of radiation using a ra- 
diation system; 

using patterning means to endow the projection 
beam with a pattern in its cross-section; 
projecting the patterned beam of radiation onto a 
target portion of the layer of radiation-sensitive ma- 
terial; and 

providing a liquid to fill a space between the sub- 
strate and a final element of a projection system 
used in said step of projecting; 

either characterized by: 

forming a gas seal between a seal member extend- 
ing along at least a part of the boundary of said 
space and the surface of said substrate; 

or 

providing a liquid reservoir in liquid connection with 

said space through a duct and 

ensuring that said duct has a minimum cross-sec- 



tional area in a plane perpendicular to the direction 
of flow of liquid of 

( 8A1/T|L V* 
'W max f (T) J ' 

where Al/ is the volume of liquid which has to be 
removed from said space within time t mln , L is the 
10 length of the duct, r\ is viscosity of liquid in said 
space and AP max is the maximum allowable pres- 
sure on said final element; 

or characterized by: 

15 

suppressing development of waves on said liquid 
with a suppression means and allowing for release 
of pressure of said liquid. 

20 [0032] Although specific reference may be made in 
this text to the use of the apparatus according to the 
invention in the manufacture of ICs, it should be explic- 
itly understood that such an apparatus has many other 
possible applications. For example, it may be employed 

25 in the manufacture of integrated optical systems, guid- 
ance and detection patterns for magnetic domain mem- 
ories, liquid-crystal display panels, thin-film magnetic 
heads, etc. The skilled artisan will appreciate that, in the 
context of such alternative applications, any use of the 

30 terms "reticle", "wafer" or "die" in this text should be con- 
sidered as being replaced by the more general terms 
"mask", "substrate" and "target portion", respectively. 
[0033] In the present document, the terms "radiation" 
and "beam" are used to encompass all types of electro- 

35 magnetic radiation, including ultraviolet radiation (e.g. 
with a wavelength of 365, 248, 193, 157 or 126 nm). 
[0034] Embodiments of the invention will now be de- 
scribed, by way of example only, with reference to the 
accompanying schematic drawings, in which: 

40 

Figure 1 depicts a lithographic projection apparatus 
according to an embodiment of the invention; 
Figure 2 depicts the liquid reservoir of the first em- 
bodiment of the invention; 

45 Figure 3 is an enlarged view of part of the liquid res- 
ervoir of the first embodiment of the invention; 
Figure 4 depicts the liquid reservoir of the second 
embodiment of the invention; 
Figure 5 is an enlarged view of part of the liquid res- 

50 ervoir of the second embodiment of the invention; 

Figure 6 is an enlarged view of the liquid reservoir 
of the third embodiment of the present invention; 
Figure 7 depicts the liquid reservoir of the fourth em- 
bodiment of the present invention; 

55 Figure 8 is an enlarged view of part of the reservoir 
of the fourth embodiment of the present invention; 
Figure 9 depicts the liquid reservoir of a fifth embod- 
iment of the present invention; 
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Figure 10 depicts the liquid reservoir of a sixth em- 
bodiment of the present invention; 
Figure 11 depicts, in plan, the underside of the seal 
member of the sixth embodiment; 
Figure 12 depicts, in plan, the underside of the seal 
member of the seventh embodiment; 
Figure 13 depicts, in cross section, the liquid reser- 
voir of the seventh embodiment; 
Figure 14 depicts, in cross section, the liquid reser- 
voir of an eighth embodiment; 
Figure 15 depicts, in cross section, the liquid reser- 
voir of a ninth embodiment; 
Figure 16 depicts, in cross section, the liquid reser- 
voir of an alternative ninth embodiment; and 
Figure 17 depicts, in cross section, the liquid reser- 
voir of a tenth embodiment. 

[0035] In the Figures, corresponding reference sym- 
bols indicate corresponding parts. 

Embodiment 1 

[0036] Figure 1 schematically depicts a lithographic 
projection apparatus according to a particular embodi- 
ment of the invention. The apparatus comprises: 

a radiation system Ex, IL, for supplying a projection 
beam PB of radiation (e.g. DUV radiation), which in 
this particular case also comprises a radiation 
source LA; 

a first object table (mask table) MT provided with a 
mask holder for holding a mask MA (e.g. a reticle), 
and connected to first positioning means for accu- 
rately positioning the mask with respect to item PL; 
a second object table (substrate table) WT provided 
with a substrate holder for holding a substrate W (e. 
g. a resist-coated silicon wafer), and connected to 
second positioning means for accurately position- 
ing the substrate with respect to item PL; 
a projection system ("lens") PL {e.g. a refractive 
lens system) for imaging an irradiated portion of the 
mask MA onto a target portion C (e.g. comprising 
one or more dies) of the substrate W. 

As here depicted, the apparatus is of a transmissive type 
(e.g. has a transmissive mask). However, in general, it 
may also be of a reflective type, for example (e.g. with 
a reflective mask). Alternatively, the apparatus may em- 
ploy another kind of patterning means, such as a pro- 
grammable mirror array of a type as referred to above. 
[0037] The source LA (e.g. an excimer laser) produc- 
es a beam of radiation. This beam is fed into an illumi- 
nation system (illuminator) IL, either directly or after hav- 
ing traversed conditioning means, such as a beam ex- 
pander Ex, for example. The illuminator IL may com- 
prise adjusting means AM for setting the outer and/or 
inner radial extent (commonly referred to as a-outer and 
a-inner, respectively) of the intensity distribution in the 



beam. In addition, it will generally comprise various oth- 
er components, such as an integrator IN and a condens- 
er CO. In this way, the beam PB impinging on the mask 
MA has a desired uniformity and intensity distribution in 

5 its cross-section. 

[0038] It should be noted with regard to Figure 1 that 
the source LA may be within the housing of the litho- 
graphic projection apparatus (as is often the case when 
the source LA is a mercury lamp, for example), but that 

10 it may also be remote from the lithographic projection 
apparatus, the radiation beam which it produces being 
led into the apparatus (e.g. with the aid of suitable di- 
recting mirrors); this latter scenario is often the case 
when the source LA is an excimer laser. The current in- 

'5 vention and Claims encompass both of these scenarios. 
[0039] The beam PB subsequently intercepts the 
mask MA, which is held on a mask table MT. Having 
traversed the mask MA, the beam PB passes through 
the lens PL, which focuses the beam PB onto a target 

20 portion C of the substrate W. With the aid of the second 
positioning means (and interferometric measuring 
means IF), the substrate table WT can be moved accu- 
rately, e.g. so as to position different target portions C 
in the path of the beam PB. Similarly, the first positioning 

25 means can be used to accurately position the mask MA 
with respect to the path of the beam PB, e.g. after me- 
chanical retrieval of the mask MA from a mask library, 
or during a scan. In general, movement of the object ta- 
bles MT, WT will be realized with the aid of a long-stroke 

30 module (course positioning) and a short-stroke module 
(fine positioning), which are not explicitly depicted in Fig- 
ure 1 . However, in the case of a wafer stepper (as op- 
posed to a step-and-scan apparatus) the mask table MT 
may just be connected to a short stroke actuator, or may 

35 be fixed. 

[0040] The depicted apparatus can be used in two dif- 
ferent modes: 

In step mode, the mask table MT is kept essentially 

40 stationary, and an entire mask image is projected in 
one go (i.e. a single "flash") onto a target portion C. 
The substrate table WT is then shifted in the x and/ 
or y directions so that a different target portion C 
can be irradiated by the beam PB; 

■*5 - in scan mode, essentially the same scenario ap- 
plies, except that a given target portion C is not ex- 
posed in a single "flash". Instead, the mask table 
MT is movable in a given direction (the so-called 
"scan direction", e.g. the y direction) with a speed 

so v, so that the projection beam PB is caused to scan 
over a mask image; concurrently, the substrate ta- 
ble WT is simultaneously moved in the same or op- 
posite direction at a speed V= Mv, in which M is the 
magnification of the lens PL (typically, M = 1/4 or 

55 1/5). in this manner, a relatively large target portion 
C can be exposed, without having to compromise 
on resolution. 
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[0041] Figure 2 shows the liquid reservoir 1 0 between 
the projection system and the substrate stage. The liq- 
uid reservoir 1 0 is filled with a liquid 1 1 having a relatively 
high refractive index, e.g. water, provided via inlet/outlet 
ducts 13. The liquid has the effect that the radiation of 
the projection beam has a shorter wavelength in the liq- 
uid than in air or a vacuum, allowing smaller features to 
be resolved. It is well known that the resolution limit of 
a projection system is determined, inter alia, by the 
wavelength of the projection beam and the numerical 
aperture of the system. The presence of the liquid may 
also be regarded as increasing the effective numerical 
aperture. Furthermore, at fixed numerical aperture, the 
liquid is effective to increase the depth of field. 
[0042] The reservoir 10 forms a contactless seal to 
the substrate around the image field of the projection 
system so that liquid is confined to fill a space between 
the substrate surface and the final element of the pro- 
jection system. The reservoir is formed by a seal mem- 
ber 12 positioned below and surrounding the final ele- 
ment of the projection system PL. Liquid is brought into 
the space below the projection system and within the 
seal member 12. The seal member 12 extends a little 
above the final element of the projection system and the 
liquid level rises above the final element so that a buffer 
of liquid is provided. The seal member 12 has an inner 
periphery that at the upper end preferably closely con- 
forms to the step of the projection system or the final 
element thereof and may, e.g., be round. At the bottom, 
the inner periphery closely conforms to the shape of the 
image field, e.g., rectangular though this need not be 
the case. 

[0043] The liquid is confined in the reservoir by a gas 
seal 1 6 between the bottom of the seal member 1 2 and 
the surface of the substrate W. The gas seal is formed 
by gas, e.g. air or synthetic air but preferably N 2 or an- 
other inert gas, provided under pressure via inlet 15 to 
the gap between seal member 1 2 and substrate and ex- 
tracted via first outlet 14. The overpressure on the gas 
inlet 1 5, vacuum level on the first outlet 1 4 and geometry 
of the gap are arranged so that there is a high-velocity 
airflow inwards that confines the liquid. This is shown 
in more detail in Figure 3. 

[0044] The gas seal is formed by two annular grooves 
18, 19 which are connected to the first inlet 15 and first 
outlet 14 respectively by a series of small conducts 
spaced around the grooves. The in-and out-lets 14, 15 
may either be a plurality of discrete orifices around the 
circumference of the seal member 24 or may be contin- 
uous grooves or slits. A large annular hollow in the seal 
member may be provided in each of the inlet and outlet 
to form a manifold. The gas seal may also be effective 
to support the seal member 12 by behaving as a gas 
bearing. 

[0045] Gap G1 , on the outer side of the gas inlet 1 5, 
is preferably small and long so as to provide resistance 
to air flow outwards but need not be. Gap G2, at the 
radius of the inlet 15, is a little larger to ensure a suffi- 



cient distribution of gas around the seal member, the in- 
let 15 being formed by a number of small holes around 
the seal member. Gap G3 is chosen to control the gas 
flow through the seal. Gap G4 is largerto provide a good 

5 distribution of vacuum, the outlet 14 being formed of a 
number of small holes in the same manner as the inlet 
1 5. Gap G5 is small to prevent gas/oxygen diffusion into 
the liquid in the space, to prevent a large volume of liquid 
entering and disturbing the vacuum and to ensure that 

10 capillary action will always fill it with liquid. 

[0046] The gas seal is thus a balance between the 
capillary forces pulling liquid into the gap and the airflow 
pushing liquid out. As the gap widens from G5 to G4, 
the capillary forces decrease and the airflow increases 

is so that the liquid boundary will lie in this region and be 
stable even as the substrate moves under the projection 
system PL. 

[0047] The pressure difference between the inlet, at 
G2 and the outlet at G4 as well as the size and geometry 

20 of gap G3, determine the gas flow through the seal 16 
and will be determined according to the specific embod- 
iment. However, a possible advantage is achieved if the 
length of gap G3 is short and absolute pressure at G2 
is twice that at G4, in which case the gas velocity will be 

25 the speed of sound in the gas and cannot rise any high- 
er. A stable gas flow will therefore be achieved. 
[0048] The gas outlet system can also be used to 
completely remove the liquid from the system by reduc- 
ing the gas inlet pressure and allowing the liquid to enter 

30 gap G4 and be sucked out by the vacuum system, which 
can easily be arranged to handle the liquid, as well as 
the gas used to form the seal. Control of the pressure 
in the gas seal can also be used to ensure a flow of liquid 
through gap G5 so that liquid in this gap that is heated 

35 by friction as the substrate moves does not disturb the 
temperature of the liquid in the space below the projec- 
tion system. 

[0049] The shape of the seal member around the gas 
inlet and outlet should be chosen to provide laminar flow 
40 as far as possible so as to reduce turbulence and vibra- 
tion. Also, the gas flow should be arranged so that the 
change in flow direction at the liquid interface is as large 
as possible to provide maximum force confining the liq- 
uid. 

45 [0050] The liquid supply system circulates liquid in the 
reservoir 10 so that fresh liquid is provided to the reser- 
voir 10. 

[0051] The gas seal 16 can produce a force large 
enough to support the seal member 12. Indeed, it may 

so be necessary to bias the seal member 12 towards the 
substrate to make the effective weight supported by the 
seal member 12 higher. The seal member 12 will in any 
case be held in the XY plane (perpendicular to the op- 
tical axis) in a substantially stationary position relative 

55 to and under the projection system but decoupled from 
the projection system. The seal member 12 is free to 
move in the Z direction and Rx and Ry. 
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Embodiment 2 

[0052] The second embodiment is illustrated in Fig- 
ures 4 and 5 and is the same as the first embodiment 
except as described below. 

[0053] In this embodiment a second gas outlet 216 is 
provided on the opposite side of the gas inlet 15 to the 
first gas outlet 1 4. In this way any gas escaping from the 
gas inlet 15 outwards away from the optical axis of the 
apparatus is sucked up by second gas outlet 216 which 
is connected to a vacuum source. In this way gas is pre- 
vented from escaping from the gas seal so that it cannot 
interfere, for example, with interferometer readings or 
with a vacuum in which the projection system and/or 
substrate are housed. 

[0054] Another advantage of using the two gas outlet 
embodiment is that the design is very similar to that of 
air bearings previously used in lithographic projection 
apparatus. Thus the experience gained with those air 
bearings can be applied directly to the gas seal of this 
embodiment. The gas seal of the second embodiment 
is particularly suitable for use as gas bearing, as well as 
a seal means, such that it can be used to support the 
weight of the seal member 12. 

[0055] Advantageously sensors may be provided to 
either measure the distance between the bottom face of 
the seal member 12 and the substrate W or the topog- 
raphy of the top surface of the substrate W. A control 
means may then be used to vary the pressures applied 
to the gas in- and out-lets 14, 15, 216 to vary the pres- 
sure P2 which constrains the liquid 11 in the reservoir 
and the pressures P1 and P3 which support the seal 
member 12. Thus the distance D between the seal 
member 12 and the substrate W may be varied or kept 
at a constant distance. The same control means may be 
used to keep the seal member 12 level. The control 
means may be controlled either by a feed forward or a 
feedback control loop. 

[0056] Figure 5 shows in detail how the gas seal can 
be regulated to control independently the pressure P2 
holding the liquid 11 in the reservoir and P3 which sup- 
ports the seal member 12. This extra control is advan- 
tageous because it provides a way of minimizing liquid 
losses during operation. The second embodiment al- 
lows pressures P2 and P3 to be controlled independ- 
ently to account for varying conditions during exposure. 
Varying conditions might be different levels of liquid loss 
per unit time because of different scanning speeds or 
perhaps because the edge of a substrate W is being 
overlapped by the seal member 1 2. This is achieved by 
providing means for varying the distance to the sub- 
strate W of discrete portions of the face of the seal mem- 
ber 12 facing the substrate W. These portions include 
the portion 220 between the first gas outlet 14 and the 
edge of the seal member 1 2 nearest the optical axis, the 
portion 230 between the gas inlet 15 and the first gas 
outlet 14 and the portion 240 between the second gas 
outlet 21 6 and the gas inlet 15. These portions may be 



moved towards and away from the substrate W by the 
use of piezoelectric actuators for example. That is the 
bottom face of the seal member 12 may comprise pie- 
zoelectric actuators (preferably stacks) which can be ex- 
5 panded/contracted by the application of a potential dif- 
ference across them. Other mechanical means could al- 
so be used. 

[0057] The pressure P3 which is created below the 
gas inlet 15 is determined by the pressure of gas P5 

io applied to the gas inlet 1 5, pressures of gas P6 and P4 
applied to the first and second gas outlets 14 and 216 
respectively and by the distance D between the sub- 
strate W and the bottom face of the seal member 12 
facing the substrate W. Also the horizontal distance be- 

15 tween the gas in and out-lets has an effect. 

[0058] The weight of the seal member 1 2 is compen- 
sated for by the pressure of P3 so that the seal member 
1 2 settles a distance D from the wafer W. A decrease in 
D leads to an increase in P3 and an increase in D will 

20 lead to a decrease in P3. Therefore this is a self regu- 
lating system. 

[0059] Distance D, at a constant pushing force due to 
pressure P3, can only be regulated by pressures P4, P5 
and P6. However, the combination of P5, P6 and D cre- 

25 ates pressure P2 which is the pressure keeping the liq- 
uid 11 in the reservoir. The amount of liquid escaping 
from a liquid container at given levels of pressure can 
be calculated and the pressure in the liquid P UQ is also 
important. If P UQ is larger than P2, the liquid escapes 

30 from the reservoir and if P UQ is less than P2, air bubbles 
will occur in the liquid which is undesirable. It is desirable 
to try to maintain P2 at a value slightly less than P UQ to 
ensure that no bubbles form in the liquid but also to en- 
sure that not too much liquid escapes as this liquid 

35 needs to be replaced. Preferably this can all be done 
with a constant D. If the distance D 1 between portion 
220 and the wafer W is varied, the amount of liquid es- 
caping from the reservoir can be varied considerably as 
the amount of liquid escaping varies as a square of dis- 

40 tance D1 . The variation in distance required is only of 
the order of 1mm, preferably 10 u.m and this can easily 
be provided by a piezoelectric stack with an operational 
voltage of the order of 1 00V or more. 
[0060] Alternatively, the amount of liquid which can 

45 escape can be regulated by placing a piezoelectric ele- 
ment at the bottom of portion 230. Changing the dis- 
tance D2 is effective to change pressure P2. However, 
this solution might require adjustment of pressure P5 in 
gas inlet 15 in order to keep D constant. 

so [0061] Of course the distance D3 between the lower 
part of portion 240 and substrate W can also be varied 
in a similar way and can be used to regulate independ- 
ently P2 and P3. It will be appreciated that pressures 
P4, P5 and P6 and distances D1 , D2 and D3 can all be 

55 regulated independently or in combination to achieve 
the desired variation of P2 and P3. 
[0062] Indeed the second embodiment is particularly 
effective for use in active management of the quantity 
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of liquid in the reservoir 10. The standby situation of the 
proj ection apparatus could be, where no substrate W 
is being imaged, that the reservoir 10 is empty of liquid 
but that the gas seal is active thereby to support the seal 
member 12. After the substrate W has been positioned, 
liquid is introduced into the reservoir 10. The substrate 
W is then imaged. Before the substrate W is removed 
the liquid from the reservoir can be removed. After ex- 
posure of the last substrate the liquid in the reservoir 1 0 
will be removed. Whenever liquid is removed, a gas 
purge has to be applied to dry the area previously oc- 
cupied by liquid. The liquid can obviously be removed 
easily in the apparatus according to the second embod- 
iment by variation of P2 whilst maintaining P3 constant 
as described above. In other embodiments a similar ef- 
fect can be achieved by varying P5 and P6 (and P4 if 
necessary or applicable). 

Embodiment 3 

[0063] As an alternative or a further development of 
the second embodiment as shown in Figure 6, a channel 
320 may be provided in the face of the seal member 12 
facing the substrate W inwardly (i.e. nearerto the optical 
axis of the projection system) of the first gas outlet 14. 
The channel 320 may have the same construction as 
the gas in- and out-lets 14, 15,216. 
[0064] Using the channel 320 pressure P2 may be 
varied independently of pressure P3. Alternatively, by 
opening this channel to environmental pressure above 
the liquid level in the reservoir 10, the consumption of 
liquid from the reservoir during operation is greatly re- 
duced. This embodiment has been illustrated in combi- 
nation with the second embodiment though the channel 
320 may be used in combination with any of the other 
embodiments, in particular the first embodiment. A fur- 
ther advantage is that the gas inlet 1 5 and first gas outlet 
1 4 (and for certain embodiments second gas outlet 21 6) 
are not disturbed. 

[0065] Furthermore, although only three elements 
have been illustrated any number of channels may be 
incorporated into the face of the seal member 12 facing 
the substrate W, each channel being at a pressure to 
improve stiffness, liquid consumption, stability or other 
property of the liquid supply system. 

Embodiment 4 

[0066] The fourth embodiment which is illustrated in 
Figures 7 and 8 is the same as the first embodiment ex- 
cept as described below. However, the fourth embodi- 
ment may also be advantageously used with any of the 
other embodiments described. 

[0067] In the fourth embodiment a porous member 
410, preferably porous carbon or a porous ceramic 
member, is attached to the gas inlet 15 where gas exits 
the bottom face of the seal member 12. Preferably the 
bottom of the porous member is co-planar with the bot- 



tom of the seal member. This porous carbon member 
410 is insensitive to surfaces which are not completely 
flat (in this case substrate W) and the gas exiting the 
inlet 1 4 is well distributed over the entire exit of the inlet. 

5 The advantage gained by using the porous member 41 0 
is also apparent when the seal member 1 2 is positioned 
partly over the edge of the substrate W as at this point 
the surface which the gas sea! encounters is uneven. 
[0068] In a variant of the fourth embodiment, the po- 

10 rous member 410 can be placed in the vacuum channel 
(s) 1 4. The porous member 41 0 should have a porosity 
chosen to maintain under pressure whilst preventing un- 
acceptable pressure loss. This is advantageous when 
imaging the edge of the substrate W and the gas bearing 

'5 moves over the edge of the substrate W be cause al- 
though the preload force at the position of the edge 
might be lost, the vacuum channel is not contaminated 
with a large and variable amount of gas, greatly reducing 
variations in the preload and as a consequence variation 

20 jn flying height and forces on the stage. 

Embodiment 5 

[0069] All of the above described embodiments typi- 
25 cally have liquid in the reservoir 10 exposed to a gas, 
such as air, with a free surface. This is to prevent the 
final element of the projection system PL from breaking 
in a case of a crash due to build up of hydrostatic forces 
on the projection system. During a crash the liquid in the 
30 reservoir 10 is unconstrained such that the liquid will 
easily give, i.e. be forced upwards, when the projection 
system PL moves against it. The disadvantage of this 
solution is that surface waves may occur on the free sur- 
face during operation thereby transmitting disturbance 
35 forces from the substrate W to the projection system PL, 
which is undesirable. 

[0070] One way of solving this problem is to ensure 
that the reservoir 10 is completely contained within a 
seal member, particularly the upper surface. Liquid is 

40 then fed to the reservoir 1 0 through a duct from a sec- 
ondary reservoir. That secondary reservoir can have an 
unconstrained top surface and during a crash liquid is 
forced through the duct into the second reservoir such 
that the build up of large hydrostatic forces in the first 

45 reservoir 10 on the projection system can be avoided. 
[0071] In such a closed system the local build up of 
pressure in the liquid on the projection system is avoided 
by ensuring that the duct connecting the reservoirs has 
a cross-sectional area equivalent to a duct with a radius 

so according to the following equation 

55 

where R is the duct radius, AV is the volume of liquid 
which has to be removed from the reservoir 10 within 
time t, L is the length of the duct, ti is viscosity of the 
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liquid and AP is the pressure difference between the 
secondary reservoir and the primary reservoir 10. If an 
assumption is made that the substrate table can crash 
with a speed of 0.2 m/sec (measured by experiment) 
and AP maJ{ is 1 0 4 Pa (about the maximum pressure the 5 
final element of the project system can withstand before 
damage results), the required pipe radius is about 2.5 
millimeters for a duct length of 0.2 m. Preferably the ef- 
fective radius of the duct is at least twice the minimum 
given by the formula. 

[0072] An alternative way to avoid the buildup of 
waves in the liquid in the reservoir whilst still ensuring 
that the projection system PL is protected in a crash, is 
to provide the free surface of the liquid with a suppres- 
sion membrane 510 on the top surface of the liquid in 
the reservoir 10. This solution requires a safety means 
515 to allow the liquid to escape in the case of a crash 
without the build-up of too high a pressure. One solution 
is illustrated in Figure 9. The suppression membrane 
may be made of a flexible material which is attached to 
the wall of the seal member 1 2 or the projection system 
in such a way that before the pressure in the liquid 
reaches a predetermined allowed maximum, liquid is al- 
lowed to deform the flexible suppression membrane 51 0 
such that liquid can escape between the projection sys- 
tem PL and the suppression membrane 51 0 or between 
the suppression membrane and the seal member, re- 
spectively. Thus in a crash it is possible for liquid to es- 
cape above the safety membrane without damaging 
with projection system PL. For this embodiment it is ob- 
viously preferable to have a space above the suppres- 
sion membrane of at least the volume of a reservoir 1 0. 
Thus the flexible membrane is stiff enough to prevent 
the formation of waves in the top surface of the liquid in 
the reservoir 10 but is not stiff enough to prevent liquid 
escaping once the liquid reaches a predetermined hy- 
drostatic pressure. The same effect can be achieved by 
use of pressure valves 515 which allow the free-flow of 
liquid above a predetermined pressure in combination 
with a stiffer suppression membrane. 
[0073] An alternative form of suppression means is to 
place a high viscosity liquid on the top free surface of 
the liquid in the reservoir 10. This would suppress sur- 
face wave formation whilst allowing liquid to escape out 
of the way of the projection system PL in the case of a 
crash. Obviously the high viscosity liquid must be im- 
miscible with the liquid used in the space 10. 
[0074] A further alternative for the liquid suppression 
means 51 0 is for it to comprise a mesh. In this way the 
top surface of the liquid can be split into several parts 
each of smaller area. In this way, development of large 
surface waves which build up due to resonance and dis- 
turb the projection system is avoided because the sur- 
face area of the several parts is equal to the mesh open- 
ing so that the generation of large surface waves is ef- 
fectively damped. Also, as the mesh allows flow of liquid 
through its openings, an effective pressure release 
mechanism is provided for the protection of the projec- 



tion system in the case of a crash. 
Embodiment 6 

[0075] The sixth embodiment as illustrated in Figures 
10 and 11 is the same as the first embodiment except 
as described below. The sixth embodiment uses several 
of the ideas in the foregoing embodiments. 
[0076] As with the other embodiments, the immersion 
liquid 11 is confined to an area under the projection sys- 
tem PL by a seal member 12 positioned below and sur- 
rounding the final element of a projection system. 
[0077] The gas seal between the seal member 1 2 and 
the substrate W is formed by three types of in-and-out- 
let. The seal member is generally made up of an outlet 
614, an inlet 615 and a further inlet 617. These are po- 
sitioned with the outlet 614 nearest the projection sys- 
tem PL, readily outwardly of the outlet 614 the further 
inlet 61 7 and furthest from the projection system PL the 
inlet 615. The inlet 615 comprises the air bearing in 
which gas is provided to a plurality of outlet holes 620 
in the surface of the seal member 1 2 facing the substrate 
W via an annular chamber 622. The force of the air ex- 
iting the outlet 620 both supports at least part of the 
weight of the seal member 12 and well as providing a 
flow of air towards the outlet 614 which helps seal the 
immersion liquid to be confined to a local area under the 
projection system PL. The purpose of the chamber 622 
is so that the discrete gas supply orifice(s) 625 provide 
gas at a uniform pressure at the outlet holes 620. The 
outlet holes 620 are about 0.25 mm in diameter and 
there are approximately 54 outlet holes 620. There is an 
order of magnitude difference in flow restriction between 
the outlet holes 620 and the chamber 622 which ensures 
an even flow out of all of the outlet holes 620 despite 
the provision of only a small number or even only one 
main supply orifice 625. 

[0078] The gas exiting the outlet holes 620 flows both 
radially inwardly and outwardly. The air flowing radially 
inwardly up the outlet 614 is effective to form a seal be- 
tween the seal member 12 and the substrate W. How- 
ever, it has been found that the seal is improved if a fur- 
ther flow of air is provided by a further inlet 61 7. Passage 
630 is connected to a gas source, for example the at- 
mosphere. The flow of air radially inwardly from the inlet 
61 5 is effective to draw further gas from the further inlet 
61 7 towards the outlet 61 4. 

[0079] An annular groove 633 which is provided at the 
end of the passage 630 (rather than a series of discrete 
inlets) ensures that the sealing flow of gas between the 
inner most edge of the groove 633 and the outlet 614 is 
even around the whole circumference. The groove is 
typically 2.5 mm wide and of a similar height. 
[0080] The inner most edge 635 of the groove 633 is, 
as illustrated, provided with a radius to ensure smooth 
flow of the gas through passage 630 towards the outlet 
614. 

[0081] The outlet 614 also has a continuous groove 
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640 which is approximately only 0.7 mm high but 6 to 7 
mm wide. The outer most edge 642 of the groove 640 
is provided as a sharp, substantially 90°, edge so that 
the flow of gas, in particular the flow of gas out of further 
inlet 630 is accelerated to enhance the effectiveness of 
the gas seal. The groove 640 has a plurality of outlet 
holes 645 which lead into an annular chamber 647 and 
thus to discrete outlet passage 649. The plurality of out- 
let holes 645 are approximately 1mm in diameter such 
that water droplets passing through the outlet holes 645 
are broken up into smaller droplets. 
[0082] The effectiveness of liquid removal of the seal 
member 1 2 can be adjusted by an adjustable valve 638 
connected to the further inlet 617. The valve 638 is ef- 
fective to adjust the flow through further inlet 61 7 there- 
by to vary the effectiveness of liquid removal of the gas 
seal 12 through outlet 614. 

[0083] The overall diameter of the seal member is of 
the order of 1 00 mm. 

[0084] Figure 1 1 shows, in plan, the underside of the 
seal member 12 of Figure 10. As can be seen, the inlet 
615 is provided as a plurality of discrete inlet holes 620. 
This is advantageous over the use of a groove for the 
main inlet 615 because a groove as an air bearing has 
a capacity (because of the compressable nature of gas) 
such that vibrations can be set up in such a system. 
Small diameter inlet holes 620 have a lower volume of 
gas in them and therefore suffer less from problems aris- 
ing from capacity. 

[0085] The use of a further inlet 617 in the form of a 
groove 633 can be used to ensure a continuous gas flow 
around the whole circumference of the seal member 12 
which would not necessarily be possible when only us- 
ing discrete inlet holes 620. The provision of the outlets 
645 as discrete entities is not a problem because of the 
provision of the groove 640 which is effective, like cham- 
bers 647 and 622, to even out the flow. 
[0086] The inlets for liquid are not illustrated in the 
seal member 12 of Figures 10 and 11. The liquid may 
be provided in the same manner as illustrated in the 
foregoing embodiments or, alternatively, any of the liq- 
uid inlets and outlets as described in European Patent 
Application Nos. 03256820.6 and 03256809.9. 

Embodiment 7 

[0087] The seventh embodiment is similar to the sixth 
embodiment except as described below. Figure 12 is a 
plan view of the underside of the seal member 1 2 similar 
to that shown in Figure 11. In Figure 12 the seal member 
is not provided with a further inlet as in the sixth embod- 
iment though this can optionally be added. 
[0088] The seal member 12 of the seventh embodi- 
ment comprises a gas bearing 71 5 formed by inlet holes 
720 and which is of the same overall design as the sixth 
embodiment. The inlet 71 4 comprises a annular groove 
740 with only two passages 745, 747 which lead to a 
gas source and a vacuum source respectively. In this 



way a high speed flow of gas from the gas source con- 
nected to passage 745 towards the vacuum source con- 
nected to passage 747 can be established. With this 
high speed flow of gas, immersion liquid can be drained 

5 more effectively. Furthermore, by creating a larger re- 
stricted vacuum flow in the vacuum chamber, flow fluc- 
tuations due to variations in the height of the seal mem- 
ber 12 above the substrate W or other leakage sources 
in the surface will not influence the vacuum chamber 

10 pressure providing the preload for the gas bearing. 

Embodiment B 

[0089] The eighth embodiment will be described in re- 
's lation to Figure 1 4 and is the same as the first embodi- 
ment except as described below. 
[0090] As can be seen from Figure 14, the eighth em- 
bodiment has a seal member 12 with an inlet 815 and 
an outlet 814 just like the first embodiment. However, a 
20 further inlet 81 7 is provided which is arranged so that a 
jet of gas can be formed which increases the velocity of 
the gas on the surface of the substrate W below or mar- 
ginally radially outwardly of the outlet 14 so that immer- 
sion liquid is more effectively removed from the surface 
25 of the substrate W. The further inlet 81 7 has an exit pro- 
vided by a nozzle which is directed towards the sub- 
strate W at an angle radially inwardly towards the pro- 
jection system PL. Thus, the otherwise laminar air flow 
(with a Reynolds number of around 300) between the 
30 inlet 81 5 and the outlet 814 and which has a simple par- 
abolic speed distribution with a zero speed on the sur- 
face of the substrate, which cannot remove the last few 
micro meters of liquid film from the wafer, is improved 
because the further inlet 817 ensures that gas with a 
35 higher air velocity is in contact with the substrate sur- 
face. 

[0091 ] From Figure 1 4 it can be seen that the exit noz- 
zle of the further inlet 81 7 is provided radially outwardly 
of the outlet 814 but closer to the outlet 814 than to the 
40 inlet 815. 

Embodiment 9 

[0092] The ninth embodiment is illustrated in Figures 
45 1 5 and 1 6 and is the same as the first embodiment ex- 
cept as described below. 

[0093] In the ninth embodimentthe mouth of the outlet 
914 in the bottom surface of the seal member 12 which 
faces the substrate W, is modified to increase the veloc- 

50 ity of air into the outlet 914. This is achieved by reducing 
the size of the mouth of the inlet 914 whilst keeping the 
passageway of the outlet 914 the same size. This is 
achieved by providing a smaller mouth by extending ma- 
terial of the seal member 12 towards the center of the 

ss passage to form an outer addition member 940 and an 
inner additional member 950. The outer additional mem- 
ber 940 is smaller than the inner additional member 950 
and the gap between those two members 940, 950 is 
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approximately 20 times smaller than the remainder of 
the outlet 914. The mouth is approximately 1 00 to 300 
u.m in width. 

[0094] In Figure 1 6 a further alternative version of the 
ninth embodiment is depicted in which a further inlet 91 7 
similar to the further inlet 817 of the eight embodiment 
is provided. However, in this case the further inlet 917 
provides a jet of flow substantially parallel to the surface 
of the substrate W so that the gas entering the mouth of 
the outlet 914 is accelerated. 

Embodiment 10 

[0095] The tenth embodiment is illustrated in Figure 
17 and is the same as the first embodiment except as 
described below. 

[0096] In the tenth embodiment the efficiency of liquid 
removal is improved by increasing the velocity of gas on 
the surface of the substrate W along the same principles 
as in the eight embodiment. Gas leaving inlets 1 01 5 and 
moving radially inwardly towards an outlet 1014 passes 
underneath an annular groove 1018. The effect of the 
groove, as illustrated, is for the gas to enter the groove 
on its radially outer most side and to exit it, with an angle 
towards the substrate W, on the radially inward side. 
Thus, the speed of the gas on the surface of the sub- 
strate W at the entrance to the outlet 1014 is increased 
and liquid removal efficiency is improved. 
[0097] It will be clear that features of any embodiment 
can be used in conjunction with some or all features of 
any other embodiment. 

[0098] Whilst specific embodiments of the invention 
have been described above, it will be appreciated that 
the invention may be practiced otherwise than as de- 
scribed. The description is not intended to limit the in- 
vention. 



Claims 

1. A lithographic projection apparatus comprising: 

a radiation system for supplying a projection 
beam of radiation; 

a support structure for supporting patterning 
means, the patterning means serving to pattern 
the projection beam according to a desired pat- 
tern; 

a substrate table for holding a substrate; 
a projection system for projecting the patterned 
beam onto a target portion of the substrate; and 
a liquid supply system for at least partly filling 
a space between the final element of said pro- 
jection system and said substrate with a liquid, 
characterized in that said liquid supply system 
comprises: 

a seal member extending along at least a part 



of the boundary of said space between the final 
element of said projection system and said sub- 
strate table; and 

a gas seal means for forming a gas seal be- 
5 tween said seal member and the surface of said 

substrate. 

2. Apparatus according to claim 1 , wherein said gas 
seal means is a gas bearing for supporting said seal 

10 member over said substrate. 

3. Apparatus according to claim 1 or 2, wherein said 
gas seal means comprises a gas inlet and a first 
gas outlet formed in a face of said seal member that 

15 opposes said substrate, means for supplying gas 
under pressure to said gas inlet and vacuum means 
for extracting gas from said first gas outlet. 

4. Apparatus according to claim 3, further comprising 
20 a further inlet connected to a gas source and posi- 
tioned between said first gas outlet and said gas in- 
let. 

5. Apparatus according to claim 4, wherein said fur- 
25 ther inlet comprises a continuous annular groove in 

a surface of said seal memberfacingsaid substrate. 

6. Apparatus according to claim 5, wherein a radially 
innermost comer of said groove has a radius. 

30 

7. Apparatus according to any one of claims 3 to 6, 
wherein said first gas outlet comprises a continuous 
annular groove in a surface of said seal member 
facing said substrate. 

35 

8. Apparatus according to any one of claims 3 to 7, 
wherein said first gas outlet and/or said gas inlet 
comprise chambers between said means for sup- 
plying and said vacuum means respectively and an 

40 opening of said inlet or outlet in said surface which 
chamber provides a lower flow restriction than said 
opening. 

9. Apparatus according to any one of claims 3 to 8, 
45 wherein said gas inlet comprises a series of discrete 

openings in a surface of said seal member facing 
said substrate. 

10. Apparatus according to any one of claims 3 to 9, 
so wherein a porous member is disposed over said gas 

inlet for evenly distributing gas flow over the area of 
said gas inlet. 

11. Apparatus according to any one of claims 3 to 10, 
55 wherein said seal member further comprises a sec- 
ond gas outlet formed in said face of said seal mem- 
ber that opposes said substrate, said first and sec- 
ond gas outlets being formed on opposite sides of 
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said gas inlet. 

12. Apparatus according to any one of claims 3 to 11 , 
further comprising means for varying the level of a 
portion of said face between said first gas outlet and 
said gas inlet relative to the remainder of said face. 

13. Apparatus according to any one of claims 3 to 12, 
further comprising means for varying the level of a 
portion of said face between said first gas outlet and 
an edge of said face nearest said optical axis rela- 
tive to the remainder of said face. 

14. Apparatus according to any one of claims 3 to 13, 
wherein said gas seal means comprises a channel 
formed in said face and located nearer to the optical 
axis of the projection system than said first gas out- 
let. 

15. Apparatus according to claim 14, wherein said 
channel is a second gas inlet. 

16. Apparatus according to claim 15, wherein said 
channel is open to the environment above the level 
of liquid in said space. 

17. Apparatus according to any one of claims 3 to 16, 
wherein said gas inlet is located further outward 
from the optical axis of said projection system than 
is said first gas outlet. 

18. Apparatus according to any one of claims 3 to 17, 
wherein said gas in- and out-lets each comprise a 
groove in said face of said seal member opposing 
said substrate and a plurality of conduits leading in- 
to said groove at spaced locations. 

19. Apparatus according to any one of claims 1 to 18, 
further comprising sensors for measuring the dis- 
tance between said face of said seal member and 
said substrate and/or the topography of said sub- 
strate. 

20. Apparatus according to any of claims 1 to 19, further 
comprising control means to control the gas pres- 
sure in said gas seal means to control the stiffness 
between said seal member and said substrate and/ 
or the distance between said seal member and said 
substrate. 

21. Apparatus according to any one of the preceding 
claims, wherein the gap between said seal member 
and the surface of said substrate inwardly of said 
gas seal means is small so that capillary action 
draws liquid into the gap and/or to prevent gas from 
said gas seal means entering said space between 
said projection system and said substrate. 



22. Apparatus according to any one of the preceding 
claims, wherein said seal member forms a closed 
loop around said space between said projection 
system and said substrate. 

5 

23. A lithographic projection apparatus comprising: 

a radiation system for supplying a projection 
beam of radiation; 
10 - a support structure for supporting patterning 
means, the patterning means serving to pattern 
the projection beam according to a desired pat- 
tern; 

a substrate table for holding a substrate; 

is - a projection system for projecting the patterned 
beam onto a target portion of the substrate; and 
a liquid supply system for at least partly filling 
a space between the final element of said pro- 
jection system and said substrate with a liquid, 

20 characterized in that 

said space is in liquid connection with a liquid 
reservoir through a duct, and the minimum cross 
sectional area of said duct in a plane perpendicular 
25 to the direction of fluid flow is at least 

*U AP maxW 

30 

where A Vis the volume of liquid which has to be 
removed from said space within time t mln , L is the 
length of the duct, r\ is viscosity of liquid in said 
space and AP mgx is the maximum allowable pres- 
35 sure on said final element. 

24. The apparatus of claim 23, wherein said space is 
enclosed such that when liquid is present in said 
space, said liquid has no free upper surface. 

40 

25. A lithographic projection apparatus comprising: 



a radiation system for supplying a projection 
beam of radiation; 
45 - a support structure for supporting patterning 
means, the patterning means serving to pattern 
the projection beam according to a desired pat- 
tern; 

a substrate table for holding a substrate; 
so - a projection system for projecting the patterned 
beam onto a target portion of the substrate; and 
a liquid supply system for at least partly filling- 
a space between the final element of said pro- 
jection system and said substrate with a liquid, 

55 

characterized in that said liquid supply sys- 
tem further comprises on a top surface of liquid in 
said liquid supply system, suppression means for 
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suppressing development of waves and including 
pressure release means. 

26. Apparatus according to claim 25, wherein said sup- 
pression means comprises a flexible membrane. s 

27. Apparatus according to claim 25 or 26, wherein said 
suppression means comprises a mesh such that the 
maximum area of said top surface of said liquid is 
equal to the mesh opening. 10 

28. Apparatus according to claim 25, 26 or 27, wherein 
said suppression means includes a safety valve for 
allowing the passage of liquid above a certain pres- 
sure therethrough. 15 

29. Apparatus according to claim 25, wherein said sup- 
pression means is a high viscosity liquid which is 
immiscible with said liquid. 

20 
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Fig. 2 
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Fig. 7 




Fig. 8 
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Fig. 11 
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